
566 MONTHLY WEATHER REVIEW OCTOBER-DECEMBER 19(;3 

THE ATMOSPHERIC TIDES AT WAKE ISLAND 
WILLIAM L. KISER, THOMAS H. CARPENTER, and GLENN W. BRIER 

US. Weather Bureau, Washington, D.C. 

[Manuscript received June 28, 1963; revised July 9, 1963 

ABSTRACT 
Twelve  years of hourly  surface  observations  from  Wake  Island  are  analyzed to  isolate the atmospheric  tides  and 

to study possible relations  between  the  tides  and  weather over a very  small  land  mass. In  addition to  determining 
the solar  diurnal  and the solar  semidiurnal  variation of temperature  and pressure, the  study  demonstrates  that  the 
lunar  semidiurnal  pressure  oscillation  can be satisfactorily  determined  while the  lunar  semidiurnal  temperature  varia- 
tion  cannot be isolated  with 12 years of hourly  observations. The  frequency of occurrence of precipitation  shows 
only  a  slight  suggestion of a lunar  tidal  period; however, the  lunar  semidiurnal  precipitation  component  has  the  same 
relation to  the  lunar  semidiurnal pressure  wave as the  solar  semidiurnal  precipitation  wave  has to  the solar  semi- 
diurnal  pressure  wave.  There is some  evidence  for  a  solar  semidiurnal variation of cloudiness and  a  relationship 
between  cloudiness and  the  semidiurnal pressure  wave rather  than between  cloudiness and  the  predominantly  diurnal 
temperature wave. A pronounced  observational  bias  in  sky  cover  associated  with the moon's  position  makes it 
impossible to conduct  any  valid  study of the  relationship between sky cover and  the  lunar  tidal period. 

1. INTRODUCTION 

Both  the descriptive and theoretical  aspects of the 
atmospheric  tides  have been studied extensively for 
nearly 200 years (cf. [SI). It was recognized that these 
variations  are of larger  amplitude  in the Tropics and  are 
more easily studied at these  latitudes where synoptic 
pressure disturbances  are generally small  and infrequent,. 

The  solar  semidiurnal  component of the atmospheric 
tides  has received the most  concentrated attention  and 
its description in  terms of the semidiurnal pressure varia- 
tions is fairly well documented [2, 5, 91. The  diurnal 
oscillation is generally less pronounced and more suscep- 
tible to local influences. The moon also produces a tide 
in  the  earth's atmosphere, which has been well deter- 
mined at, many  stations [l, 41. The pressure variation 
by which the  lunar atmospheric  tide is detected is likely 
to be accompanied by a  similar  variation in  temperature. 
Although the  lunar  tidal variations  are  small,  their study 
contributes to our  understanding of the atmosphere's 
dynamics. 

The  primary  objective of this  investigation is to  study 
the variations of temperature, pressure? sky cover, and 
precipitation over a very  small  tropical  island  as func- 
tions of the  solar  and  lunar days. Wake  Island (fig. 1) 
was selected for  this study for  several  reasons: it is repre- 
sentative of a  small  flat  tropical  island far removed from 
ot.her land;  it has  a  persistent wind regime throughout 
the  year;  and  it  has a  continuous record of hourly  surface 
observations  for  a period of 12 yr. beginning in  November 
1949. 

2. DATA AND ANALYSIS 

Data for the  study were taken  from  punch cards sup- 
plied by  the  National  Weather Records  Center, Ashe- 
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FIGURE 1.-Outline map of Wake  Island.  Dark  areas depict dry 
land,  clear  outlines  show  outer  margins of the barrier reef. 
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l-i11el N.C. Editing of the  raw  data was  done by com- 
puting the  standard  deviation  for  each  hour of the  day 
for station  pressure  and  surface  temperature.  Hourly 
changes were also computed  and  those  that exceeded a 
critical value were  examined  individually and  either de- 
leted or corrected.  The  record is continuous except for 
several days  in  September 1952 when  a  typhoon  int<er- 
rupted observations. 

The 12-yr. period was divided into  two 6-yr. periods 
and each set was independently  reduced  in  order  to  obtain 
an estimate of sampling effects. Harmonic components 
for frequencies 1,  2, and 3 cycles per day (solar or lunar) 
mere determined  for the  two  sets of years and  the analysis 
of variance was performed to  determine  whether  the 
mean amplitude of each of these  harmonic  components 
differed significantly from zero. The  probable  errors, 
P.E., were computed  for  the  mean  amplitudes of the 
frequencies 1, 2, and 3 for  the 12-yr. period. Although 

29.900 t 
FIGURE 3.-The daily variation of presswe for the years 195D-lHGl. 

the use of the probable  error is declining and it is not 
used in modern statistical practices [ I l l ,  it  is  presented 
here as a basis for comparison  with the result's given in 
previous papers [ l ,   2 ,   3 ,  41. 

3. DAILY  VARIATIONS (SOLAR) 

The mean  hourly surface temperature ( O F . )  and  station 
pressure (in. of Hg) values were computed  with  the  re- 
sults converted to "C. and millibars. The  predominantly 
diurnal temperature wave and  the  semidiurnal  nature of 
the surface pressure wave respectively, are  clearly  demon- 
strated  by  the curves of figure 2 and figure 3. The 
amplitude of the pressure wave is expressed in microbars 
(1 ,~bar=lO-~ mb.). 

The  time of maximum and  the  amplitude of this  raria- 
tion were determined  by  harmonic analysis [7] for fre- 
quencies 1, 2 and 3, which  determine respectively, the 
24-hr., 12-hr. and 8-hr. waves. The  harmonic  compo- 
nents  can be expressed in  the form 

A 360n 

TABLE 1.-The harmonic  components of the  solar diurnal  variations  and  the  lunar  tidal  variations of temperature,  pressure,  sky  cover,  and  pre- 
cipitation  occurrence, for Wake  Is land,  1950-1961. The  level of significance is indicated  by  asterisks.  Absence of a n  asterisk  indicates 
the results  are  not  significant.  Probable  errurs  are  given for comparison 
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TABLE 2.-Tesl of signijcance of the  harmonic  components of sky 
cover for frequency 2 

where c, is the amplitude of the nth harmonic, T,  is the 
time, e, is the phase angle in degrees at which the  nth 
harmonic has a masixnum, and P is the  fundamental 
perjod: or total period of the periodic function. The 
results of the harmonic analysis appear in  the  top half 
of 1 along with the results of the analysis of the  other 
variables. The levels of significance indicated  in table 1 
were obtained from an analysis of variance, an example of 
which appears in table 2. 

The mean hourly  amount (in tenths of total  amount) 
of sky cover was computed for the two set.s of years,  with 
the results shown in figure 4. It is clear that  the results 
for the two independent periods are  in good agreement. 
The  amplitudes of the sine and cosine terms  for frequencies 
1, 2, ancl 3 were determined for t,he two  sets of years and 
appear in figure 5 plotted  in polar coordinate form. 
The  results of the harmonic analysis appear  in  table 1. 

The  hourly  observations of the occurrence of precipita- 
tion were  coded in binary form (1, O ) ,  i.e., rain or no rain. 
Then the  total frequency for each hour of the  day was 
computed and espressed as a percentage of the  totad 
number of cases. The  results  appear in figure 6. Figure 
7 shows the  amplitude  and phase of the harnlonic com- 
ponents for frequencies 1, 2,  and 3 for  the  two  sets of 
years. The results of the harmonic analysis appear  in 
table 1. 

4. THE LUNAR  TIDAL  VARIATIONS 

The  lunar  day, which is about 24.81 solar hours, was 
divided int.0 24 classes and the hourly  observations were 
summarized according to  the part.icular class in which 
they belong. The t,imes of upper  and lower lunar  transit 
are respectively class 12 and class 0. 

The pressure variations by which the luna,r tide is 
detected  are likely to  be accompanied by  variations of 
temperature.  The magnit,ude of these  depends upon the 
readiness with which heat can be exchanged between 
regions of compression and rarefaction, or across the atmos- 
phere's boundaries.  Chapman 131 has shown that  the 
horizontal heat flow direct,ed between these regions is 
negligible. Thus  the pressure variations  are  in all 
probability  adiabatic,  and t,he temperature  variations 
nenrly  equal to  the Rdiabatic value  inferred from t,he 
lmown atmospheric  tide. 

An attempt was made to  determine  with the  12+ years 
of data  the  'lunar semidilxnal  temperat.ure  variation 
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FIGURE 4,"The daily variation of cloudiness for the two 6-yr. 
periods and  the  total for the 12 years. 

900 

FIGURE 5.-Mean values of the amplitudes and phase angles of 
cloudiness for the  two 6-yr.  periods for the frequencies 1, 2, and 3 
relative to  the solar  day.  Amplitude  scale in  tenths of cIolId1- 
ness. 
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FIGURE 6.-The daily variation of the occurrence of precipitation for 
the  two 6-yr. periods  and  the  total for the 12 years. 
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FIGURE 8.-The lunar  tidal  variation of temperature for the  two 
Bi 6-yr. periods and  the  total of the 12 years. 

which, a t  best,  is  very small [3] (less t>han 0.0l"C.). The 
results  appearing  in figure 8  show  very little consistency 
between the two sets of years. The  points  showntin 
figure 9 indicate considerable scatter for each  frequency 
and the a.nalysis of variance showed the result,s to  be  not 
significant (see table 1). 

As a  control to  determine  random effects, another 
period close to  the luna1 t,idal periodwas  analyzed. The 
results  from using this artificial period of 24.878 solar 
hours  appear  in figure 10 and show that  the two sets of 
years  have  inconsistent  variations  comparnble  to t.hose in  
figure 8. 

The  results of summarizing the pressure values accord- 
ing tso the 1una.r period are shorn  by  the curves of figure 
11. The effect of the  lunar semidiurnal tide is clearly 
demonstrated.  Times of maximum pressure occur  when 
the moon  is at  its  upper and lower transit.  The  points 
shown in figure 12 clearly indicate  the significance of 
frequency 2 (the 12.405-hr. wave).  The  results of the 



FIGURE 9.--Mcan values of the amplitudes and phase angles of the 
lunar  tidal  variation of temperature  for  the  two 6-yr. periods  for 
the frequencies 1, 2, and 3 relative to  the lunar  day.  Amplitude 
scale in "C. For frequency 2, the angles 0' and 180' are respec- 
tively the lower and upper transit of the Moon. 
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FIGURE Il.-The lunar  tidal  variation of pressure for the two 6-yr. 
groups and  the  total for the 12  years. 
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FIGURE 10.-The artificial  period of 24.878 hr.  for  temperature  for  in microbars. For frequency 2, the angles 00 and 1800 are respec- 

the  two 6-yr. periods and  the  total  for  the 12  years. tively  the lower and upper  transit of the Moon. 



I 1950-1955 

29925 

E 

29924 
1950-1961 

J 
90' 

"-. 

c 410l3.40 

29925 I l ' I I  I I I I I  I I I I I I I I I I I I I  
0 12 18 0 

C L A S S  

FIGURE 13.-The artificial  period of 24.878 hr. for pressure for two 
6-yr. periods and  the  total for the 12 years. 

FIGURE 15.-Mean values of the  amplitude  and phase angles of the 
lunar  tidal  variation of the occurrence of precipitation for the  two 
6-yr. periods for the frequencies 1, 2, and 3 relative to   the lunar 
day.  Amplitude scale in relative  percentage of occurrence. 
For frequency 2, the angles 0' and 180' are respectively the lower 
and upper transit of the Moon. 
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harmonic analysis appear  in  table 1. The curves of 
figure 11 can be compared  with the curves of an artificial 
period of 24.878 solar hours  shown in figure 13. 

The  amount of sky cover was  next  analyzed  to  deter- 
mine if there was any effect due  to  the  lunar  tidal  action. 
dnalysis of the  data disclosed a significant increase in 
reported cloud  cover with  the moon  overhead, but only 
during  the  night.  This  result  indicated  an  observational 
bins in  nighttime cloud observations  and no further 
att.empt was made to study  the sky cover as a  function of 
the  lunar period. 

The  lunar  variation of the  hourly  precipitation occur- 
rence is shown by figure 14. These curves do not  indicate 
a  strong relationship between the two sets of years. The 
graph of figure 15  shows the harmonics  for the two sets 
of years  to  be  in  phase  but  the  amplitudes  are  not large. 
If there  is  any  real effect, it is too complex or too small in 
amplitude  to  be  determined  from  this  sample of 12 y'. of 
data. 

5. DISCUSSION 

The  diurnal  temperature wave and  the semidiurnal 
pressure wave  were easily detgcted  from 12 y'. of data. ' 

The results agree with  what  one would expect a t  this 
location. 

There is considerable evidence (PS0.05) for a semi- 
diurnal  variation of cloudiness with maximum amounts 
about 0700 and 1800 local time. This result suggests a 
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relationship  between cloudiness and  the. semidiurnal pres- 
sure wave (fig. 3) rather  than between cloudiness and  the 
predominantly  diurnal  temperature wave (fig. 2).  Sverd- 
rup [IO] previously has presented evidence for the exist- 
ence of a  semidiurnal  variation in cloudiness over the 
tropical oceans with maximum amounts  about 0600 and 
1800 local time.  This  semidiurnal  variation of cloudiness 
over tropical oceans has not been conclusively esplained, 
although  Sverdrup  [lo] suggests that  it  is  related to  the 
solar semidiurnal oscillation. This oscillation has the 
character of a wave that travels  around the  earth  and is 
accompanied by converging winds in  front of the region 
of maA+mum pressure and diverging winds in  the  rear; 
in m y  given locality, maximum convergence occurs twice 
daily, a t  about 0600 and 1800 local time, i.e., about  the 
times when cloudiness over the tropical oceans rea.ches a 
maximurn. Although the effect might  be  partially ex- 
plained by local heatring of the island,  recent findings by 
Lavoie [6] would tend to argue against  this. He found 
that a 14-fold increase in  the exposed land surface  between 
high and low tide failed to  have  any effect upon  the 
amount of cloud cover a t  Eniwetok Atoll. 

The rainfall shows evidence (P10.01) for a  maximum 
around 0400 local time,  presumably the  result of insta- 
hility  and convection caused by radiational cooling of 
cloud and  moist  layers. The secondary  maxima  around 
0800 and 1800 local time  might  be  related  to  the  variations 
in sky cover (fig.  4) and to the t,ime of maximum conver- 
gence ahetLd  of the semidiurnal pressure wave (fig. 3). 

The effect of the 1una.r at,mospheric tide  on  temperat,ure 
mas not detected. This variation  is so small that one 
would not, espect it to  be detected with only 12 yr. of data. 
However, the  lunar semidiurnal pressure wave was easily 
demonstrated,  and the results were consistent  with  those 
shown previously, e.g., Ocean Island, Pacific Ocean, 0.9” S., 
169.6” E., [4], with maximum pressure during  the moon’s 
upper  and lower t,rnnsit. 

A pronounced observational  bias on sky cover due  to 
the  light of the moon made it impossible to conduct any 
valid s h d y  of the relationship between sky cover and  the 
lunar  tidal period. The frequency of occurrence of pre- 
cipitation showed only  a  slight suggestion of a lunar  tidal 
period. However, both  the  lunar  diurnal  and  the  lunar 
semidiurnal  components showed essentially the same 

ACKNOWLEDGMENTS 

Our thanks  to  Mr: 14. F. Harris  for his  assistance in this 
study  snd  to Mr. John I(. Brittain  for his program to  
transfer the information  from  punch  cards to magnetic 
tspcs. 

REFERENCES 

1. S. Chapman,  “Atmospheric  Tides  and  Oscillations,” Compe,+ 
d ium of Meteorology, American  Meteorological Society, 
Boston, Mass., 1951, pp. 510-530. 

2. S. Chapman,  “The  Semidiurnal  Oscillation of the Atmosphere,“ 
Quarterly  Jou,rnal of the Royal  Meteorological  Society, YO], 
50,  NO.  211, July 1924, pp. 165-195. 

3. S. Chapman,  “On the Theory of the  Lunar  Tidal Variation of 
Atmospheric Temperature,” Memoirs of the Royal Ilfeteoro- 
logical Society, vol 4, 1932, pp. 35-40. 

4. S. Chapman  and  K. C. Westfold, “A Comparison of the Annual 
Mean  Solar  and  Lunar  Atmospheric  Tides in Barometric 
Pressure, As Regards  Their  Worldwide  Distribution of 
Amplitude and  Phase,” Journal of Atmospheric  and Terrestrial 
Physics, vol 8, No. 1/2, Feb. 1956, pp. 1-22. 

5. B. Haurwitz,  “The  Geographical  Distribution of the Solar 
Semidiurnal  Pressure  Oscillations,” New York University, 
Meteorological  Papers, vol. 2, No. 5, Dec. 1956,  36  pp. 

6. R. L. Lavoie,  “Some  Aspects of the Meteorology of the Tropical 
Pacific Viewed from  an Atoll,’’ Atoll  Research  Bulletin 96, 
The Pacific  Science  Board, National  Acadamy of  Sciences- 
National  Research  Council,  Washington,  D.C.,  May 15, 1963. 

7. H. A. Panofsky  and G. W. Brier, Some  Applications of Statistics 
to  Meteorology, The  Pennsylvania State University, Tiniversitr 
Park,  Pa., 1958.  (See chapt. 5, pp. 128-134.) 

8. M.  Siebert,  “Atmospheric  Tides,” Advances in Geophysics, rol. 
7, Academic  Press, 1961, pp. 105-187. 

9. J. Spar,  “Characteristics of the Semidiurnal  Pressure Wave ill 

the  United  States,” Bulletin of the American Meteorological 
Society, vol. 33, No. 10, Dec. 1952, pp. 438-441. 

10. H. U. Sverdrup,  “Diurnal  Variation of Cloudiness,” Chapter 
XIV (see p. 1048), Handbook of Meteorology, McGraw-Hill 
Book Co., Inc., New York, 1945. 

11. G. U. Yule and M. G. Kendall, An Introduction  to  the Theory d 
Statistics, Hafner  Publishing Co., 1950 (see p.  390). 


